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Summary
The molecular pathways that link nutritional cues
to developmental programs are poorly understood.
Caenorhabditis elegans hatchlings arrest in a dormant
state termed ‘‘L1 diapause’’ until food is supplied. How-
ever, little is known about what signal transduction
pathways mediate nutritional status to control arrest
and initiation of postembryonic development. We re-
port that C. elegans embryonic germline precursors
undergo G2 arrest with condensed chromosomes and
remain arrested throughout L1 diapause. Loss of the
DAF-18/PTEN tumor suppressor bypasses this arrest,
resulting in inappropriate germline growth dependent
on the AGE-1/PI-3 and AKT-1/PKB kinases. DAF-18
also regulates an insulin/IGF-like pathway essential for
longevity and dauer larva formation. However, DAF-16/
FoxO, which is repressed by this pathway, is not re-
quired for germline arrest in L1 diapause. Thus, these
findings indicate that quiescence of germline develop-
ment during L1 diapause is not a passive consequence
of nutrient deprivation, but rather is actively main-
tained by DAF-18 through a pathway distinct from that
which regulates longevity and dauer formation.
Results and Discussion
We previously reported that the C. elegans primordial
germ cells, Z2 and Z3, remain quiescent after their birth
in animals lacking both cki-1 and its paralog, cki-2, which
encode cyclin-dependent kinase inhibitors [1]. This con-
trasts with the behavior of many somatic cells, which un-
dergo additional embryonic cell divisions in the absence
of cki-1 activity [2]. Because CIP/KIP CKIs are essential
for developmental cell-cycle arrest at the G1 phase in
many systems (reviewed in [3]), these findings raised
the possibility that the primordial germ cells may arrest
at a non-G1 phase. To test the hypothesis that Z2 and
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Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.Z3 might arrest at a non-G0/G1 phase of the cell cycle
during embryogenesis, we examined chromosomal mor-
phology in live embryos by using a strain expressing a
GFP::histone-H2A fusion protein [4]. This marker labels
chromosomes in all early embryonic cells. Later in em-
bryogenesis, strong expression becomes restricted to
the primordial germ cells, allowing them to be readily
identified and their chromosomal morphology to be ex-
amined. We found that, unlike in somatic cells, in which
chromosomes condense only briefly during mitosis, the
chromosomes in germline precursors undergo conden-
sation before the embryo develops to the ‘‘bean’’ stage
(approximately 550 cells) (Figures 1A and 1B) and re-
main condensed through the remainder of embryogene-
sis (not shown). This germline-specific chromosome
condensation was also apparent when chromosomal
morphology was characterized in DAPI-stained em-
bryos: Chromosomes in Z2 and Z3 appear condensed
during late embryogenesis relative to surrounding so-
matic cells, consistent with previous reports [5].
After hatching, first-stage (L1) larvae remain in a devel-
opmentally arrested ‘‘L1 diapause’’ until they start feed-
ing. We found that chromosomal condensation in the Z2
and Z3 cells is maintained throughout L1 diapause (Fig-
ures 1C and 1D). Given that somatic cells do not contain
such persistent condensed chromosomes, these find-
ings reveal a differential mechanism of control over chro-
mosome condensation, and possibly cell-cycle arrest,
between germline and somatic cells. The persistent con-
densed state of chromosomes in embryonic primordial
germ cells raised the possibility that they arrest at G2
or mitotic prophase, in contrast to somatic cells.
To further define the cell-cycle phase at which Z2 and
Z3 arrest, we analyzed their centrosome number and
localization. Centrosomes generally duplicate during
S phase (reviewed in [6]). Immunofluorescence studies
with anti-g-tubulin [7] revealed that Z2 and Z3 cells con-
tain two centrosomes in starved L1 larvae (Figures 1E–
1H), rather than a single centrosome. Together, these
observations indicate that quiescent Z2 and Z3 cells
during late embryogenesis and L1 diapause show mor-
phological features characteristic of arrest after S phase.
This arrest apparently occurs at the G2 phase, because
the centrosomes have not undergone separation and
migration to opposite side of the nucleus, which is char-
acteristic of mitotic phase.
We next asked whether germline progenitor cells
arrest following completion of DNA replication by analyz-
ing fluorescence intensities of propidium-iodide-stained
Z2 and Z3 nuclei relative to nuclei of surrounding G1-
arrested somatic cells [8]. The average ratio of germline/
soma nuclear fluorescence intensities during L1 dia-
pause is nearly two (Figure 1I), suggesting that the
arrested Z2 and Z3 cells have a 4N DNA content.
If the arrested germline cells have indeed completed
S phase, then they should be capable of undergoing
mitosis when cell division is reinitiated upon feeding,
even when DNA replication is prevented. We reactivated
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774Figure 1. The Embryonic Primordial Germ
Cells Arrest in Mitosis
(A and B) Embryos expressing a histone
H2A::GFP fusion [4].
(C and D) Squashed wild-type larvae in L1
diapause showing condensed DAPI-stained
chromosomes in Z2 and Z3 cells (indicated
by arrows in [D]), but not in somatic nuclei.
(B) and (D) are enlargements of boxes shown
in (A) and (C), respectively.
(E–H) Fluorescence micrographs of quies-
cent Z2 and Z3 cells in a starved L1 larva
stained with DAPI (E), a germ-cell-specific
antibody (F) [32], and anti-g-tubulin antibody
(G) [7], which stains centrosomes. In (E), two
germ cells and one somatic cell are shown.
The two germ cells are indicated by asterisks.
(H) shows merged images of (E)–(G). Arrows
indicate duplicated centrosomes.
(I) Division of germ cells in the presence of
hydroxyurea. Graphs of DNA content in germ-
line and somatic nuclei show that germline
precursor cells arrest with a 4N DNA con-
tent during L1 diapause. Error bars indicate
standard deviations, and number of animals
scored is indicated above each bar.development of wild-type animals that had been ar-
rested in L1 diapause by feeding them in the presence
or absence of the DNA-synthesis inhibitor hydroxyurea
(HU) and scored the number of germline cells 20 hr later(experiment 1 in Table 1). In the absence of the S phase
inhibitor, 98% of larvae contained more than three germ-
precursor cells, indicating that most of the larvae have
initiated germline proliferation under these conditions.
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effectively blocks cell division in G1-arrested somatic
cells. Specifically, in 100% of HU-treated larvae (n =
130), the postembryonic myoblast cell (M cell), which
normally initiates division approximately 7 hr after feed-
ing [9], failed to divide, as assayed by expression of an
M cell-specific GFP marker [10]. In contrast, we found
that 99% of these larvae contained more than two germ-
line precursor cells (n = 230), suggesting that the germ
cells in starved L1 larvae arrest after S phase. To further
test the capacity of Z2 and Z3 to divide in the presence
of HU, we preincubated starved L1 larvae in HU and then
fed the larvae in the presence or absence of HU (exper-
iment 2 in Table 1). This experiment was performed to
ensure that the germ cells received a high HU dose
that was sufficient to block DNA replication completely.
Under these conditions, in >50% of larvae, either Z2 or
Z3 divided once in the presence of HU. Among the three
germline cells observed in larvae grown in the continued
presence of HU, the nuclei of two were generally smaller
than the other (not shown), and their DNA content was
similar to that of the adjacent somatic Z1 and Z4 cells
(Figure 1I). In contrast, the larger nucleus contained ap-
proximately twice the DNA content of the other cells in
the gonad (Figure 1I), implying that it was an undivided
germline precursor cell. These observations further sup-
port the hypothesis that both Z2 and Z3 are arrested
after S phase during L1 diapause.
Given that chromosomes are condensed and the du-
plicated centrosomes have not yet migrated in these
cells, we conclude that Z2/Z3 cells are arrested at G2
during L1 diapause. Such postreplication arrest of em-
bryonic germline precursors also occurs in Drosophila,
in which the germline pole cells arrest at G2 [11]. It is
unclear why only one of the germline precursor cells di-
vides in animals fed with HU (Table 1). It is possible that
reactivated division of Z2 and Z3 following release from
L1 diapause may not occur independently. Rather, there
may exist a lateral cellular interaction between the germ-
line cells that allows only one or the other to divide first.
Whereas lateral interactions between equivalent cells
are well known in C. elegans, such an interaction be-
tween germ cells has not been described.
Although the molecular mechanisms controlling main-
tenance of, and exit from, G1 cell-cycle arrest have been
extensively studied [3], the regulation of G2 arrest has
not been well defined. Previous studies showed that
when the activity of the nos/nanos and puf/fbf/pumilio
genes is blocked, primordial germ cells can undergo a
few rounds of cell division during L1 diapause [12]. How-
ever, these genes also regulate other aspects of germ-
Table 1. Z2 and Z3 Cells Can Divide in the Presence of HU
# of Germline
Precursors
Experiment 1
2 HU Preincubation
Experiment 2
+ HU Preincubation
% of Larvae
2HU +HU 2HU +HU
2 0 15 2 47
3 2 85 10 53
4 11 0 29 0
R5 87 0 59 0
Experiments were conducted at 22ºC. n = 100 for each experiment.line development, such as cell migration, proliferation
in later larval stages, and fertility. We speculated that
there might exist genes that, when mutated, result in in-
appropriate cell proliferation of germline precursors dur-
ing L1 diapause, but that do not cause sterility during
normal growth. We postulated that such genes might
also be involved in other developmental and/or physio-
logical processes that are affected by nutrient availabil-
ity. Among these processes is the dauer diapause,
which results in an alternative third-stage larval form in
response to deprivation of food and exposure to a pher-
omone. The dauer larva stage persists until environmen-
tal parameters become favorable, at which time subse-
quent reproductive development resumes. Formation of,
and recovery from, dauer diapause is regulated by the
collaborative action of insulin/IGF-like, TGF-b, cGMP,
and nuclear-hormone receptor pathways (reviewed in
[13]). Many dauer-formation-defective (daf-d) genes
required for dauer formation have been identified (re-
viewed in [13]), and larvae bearing loss-of-function muta-
tions in these genes are unable to arrest larval develop-
ment under conditions that normally induce dauer
formation. We tested whether daf-d genes are also re-
quired to maintain developmental arrest of the primordial
germ cells during L1 diapause. Mutations in six daf-d
genes (daf-3, -5, -6, -12, -16, and -22) showed normal
mitotic arrest of germline precursors during L1 diapause.
In contrast, daf-18 mutant L1 larvae failed to maintain
mitotic arrest of Z2 and Z3 after hatching in nutritionally
deprived conditions (see the Supplemental Experimen-
tal Procedures available online) (Figure 2). Z2 and Z3 in
both daf-18(ok480) and daf-18(nr2037) mutant larvae
grown under nutritionally deprived conditions continue
dividing over at least 3 days (Figure 2A), showing that
elimination of the mitotic arrest is not limited to a single
cell-cycle round. daf-18 encodes the C. elegans homo-
log of the tumor suppressor PTEN (phosphatase and
tensin homolog deleted on chromosome 10) [14] and
acts to inhibit signaling through the insulin/IGF pathway,
which in turn represses dauer development and restricts
longevity [14–20].
The putative null allele nr2037 removes a conserved
motif in the phosphatase catalytic domain located in
the amino-terminal half of the protein [19], whereas
ok480 deletes exons 4 to 5, leaving the phosphatase
domain intact. However, the penetrance and expressiv-
ity (number of germ cells) of the germline phenotype
caused by these two mutant alleles are indistinguishable
(Figures 2A and 2C), suggesting that ok480 results in
a severe loss of daf-18 activity. A myc-tagged daf-18
transgene restores the germline mitotic arrest caused
by daf-18(ok480) (Figure 2C), further indicating that the
defect in mitotic germline arrest is specifically caused
by loss of DAF-18. Thus, DAF-18 is required for mainte-
nance of germline mitotic arrest, but not for initial entry
into G2 arrest, which instead is likely to be controlled
by an embryonic development program that is indepen-
dent of environmental or physiological conditions. The
size of individual germ cells in daf-18 mutants during
L1 diapause is similar to that in wild-type (Figure 2B),
even when there are up to three times as many germ
cells. Thus, proliferation of germ cells in the absence of
DAF-18 is accompanied by cell growth in the absence of
normal external nitrogen sources. These findings show
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776Figure 2. DAF-18/PTEN Is Required to Arrest Germ-Cell Division during L1 Diapause
(A) Time course of germ-cell proliferation during L1 diapause. Newly hatched worms of the indicated genotypes were starved at 20ºC. nR 100 for
each time point. Error bars indicate standard deviation.
(B) Germ-cell growth and division occur in daf-18(lf) larvae during L1 diapause. Fluorescence micrographs of wild-type N2 and daf-18(ok480)
larvae after 5 days of L1 diapause are shown. DNA and germline-specific P granules were stained with DAPI and anti-PGL-1 [33], respec-
tively. Asterisks indicate nuclei of germ cells. Note that the size of germ cells in N2 and daf-18(ok480) is similar, revealing that they have
grown in the latter animal. Images on the right panels show magnified views corresponding to the boxes on the left. Bars represent
10 mm.
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777Figure 3. Models of Pathways Controlling
Dauer Formation and Initiation of Postembry-
onic Development
(A) The insulin/IGF-like signaling pathway
controlling dauer formation. The diagram is
modified from [34].
(B) Proposed pathway controlling germline
proliferation during L1 diapause and based
on this and previous studies [29]. See text.that DAF-18 negatively regulates both G2 arrest and
concomitant growth of the germline during L1 diapause.
Our results indicate that DAF-18 regulates a check-
point that blocks mitotic progression and growth of germ
cells during L1 diapause. Because DAF-18 represses
insulin/IGF-mediated regulation of dauer formation and
longevity (see above), we sought to determine whether
other pathway components that regulate dauer for-
mation are also involved in germline proliferation and
growth during L1 diapause. First, because the C. ele-
gans insulin/IGF pathway is mediated by AGE-1/PI3K
and AKT-1/-2, as has been shown in several systems
([21, 22]; reviewed in [23]), we speculated that the germ-
line-proliferation phenotype observed in daf-18 mutant
larvae during L1 diapause might be dependent on
AGE-1 and/or AKT-1/-2. To test this hypothesis, we
generated double mutants bearing daf-18(ok480) and
mutations of these genes and scored the number of
germ precursor cells after 5 days of L1 diapause. Both
age-1(mg44) and akt-1(ok523) suppress the inappropri-
ate proliferation caused by daf-18(ok480) (Figure 2C).
These findings indicate that DAF-18 regulates the germ-
line checkpoint during L1 diapause by opposing the pro-
liferation and growth-promoting activity of AGE-1 and
AKT-1. In contrast, although AKT-1 and AKT-2 are struc-
turally the most related to each other among the AKT
kinases in animals [21], a strong loss-of-function muta-
tion, akt-2(ok393), had little effect on suppressing the in-
appropriate germ-cell proliferation. This discrepancy in
the requirement for AKT-1 versus AKT-2 might be attrib-
utable to differences in their spatiotemporal expression.
Our results do not resolve whether DAF-18 functions
cell-autonomously or -nonautonomously in germ cells.
We found that transgenic extrachromosomal arrays car-
rying daf-18(+) rescue the daf-18 germline phenotype
(Figure 2C). Such arrays are generally known to be
silenced in germ cells [24], suggesting that expression of
DAF-18 in somatic tissues may be sufficient to suppress
the phenotype. However, other studies have found that
weak genetic activity expressed from arrays in the germ-
line appear to decrease the penetrance and severity of
some phenotypes substantially (e.g., [25]). It is therefore
conceivable that DAF-18 might cell-autonomously regu-
late germline proliferation. In this regard, it is noteworthy
that disruption of the mouse pten locus in primordial
germcellsalso results inhyperproliferation involvingAKT
[26]. Thus, C. elegans and mice might share a DAF-18/
PTEN-AKT-1 pathway that cell-autonomously regulates
the cell cycle in primordial germ cells.daf-16/FoxO acts downstream of daf-18 in the dauer
pathway, and loss-of-function (lf) mutations in daf-16,
like daf-18(lf) mutations, result in a daf-d phenotype
[15, 27, 28]. We found that a daf-16 null mutation,
mu86 [27], does not affect the mitotic quiescence of
Z2 and Z3 during L1 diapause (Figure 2C). Thus, daf-
18 mediates mitotic arrest in the germline through differ-
ent downstream effector genes than those involved in
dauer formation and longevity.
Previous studies have shown that a strong loss-of-
function mutation in the upstream insulin/IGF-receptor-
like gene, daf-2(e979), results in embryonic and L1 arrest
[29]. We observed that L1-arrested daf-2(e979) animals
contain only two germ cells (n = 20), indicating that daf-
2 is required for initiation of larval germline development
in the presence of food. However, the majority of L1-
arrested daf-2(e979) animals appeared to lack E. coli in
their intestine, probably as a result of severely reduced
pharyngeal pumping. This observation raises the possi-
bility that the absence of germline proliferation in daf-
2(e979) mutants is caused simply by the feeding defect.
Although age-1(mg44) and akt-1(ok523) suppress
the inappropriate germline proliferation and growth in
starved daf-18(ok480) L1 larvae, age-1 and akt-1 are not
essential for germline development during early larval
stages in the presence of abundant food. We presume,
therefore, that other kinases and/or pathways act redun-
dantly to promote germline proliferation in parallel with
the AGE-1/AKT-1 pathway. Such a pathway might be
mediated in part by ciliated sensory neurons: Double
mutants between an age-1 mutation and a subset of
daf mutations that disrupt cilium structure show embry-
onic and L1 arrest [30]. Moreover, double mutants of
daf-2 and cilium-structure mutants show a similar
developmental arrest [29, 31]. It has been proposed
that L1 arrest is controlled by chemosensation of envi-
ronmentally available food and organismal nutritional
state monitored by the ciliated sensory neurons and the
insulin/IGF-like signaling pathway, respectively [29]. Our
data are consistent with this hypothesis: Loss of daf-18
may lead to activation of an insulin/IGF-like signaling
pathway, allowing germline proliferation in the absence
of food. However, we did not detect defects in the L1-
diapause mitotic checkpoint in daf-16 null-mutant germ-
line, suggesting that the pathway controlling initiation of
postembryonic germline proliferation diverges at a step
prior to daf-16 (Figure 3B).
Collectively, our results indicate that quiescence of
C. elegans postembryonic germline development does(C) Inappropriate division of germ cells in mutants in daf-18 mutants is mediated by PI3 kinases. The percentage of larvae showing >2 germ
cells after 5 days of L1 diapause is plotted. Worms of the indicated genotypes were grown at 20ºC unless otherwise noted. For rescue ex-
periments, three independent lines carrying only the cotransformation marker (str-1::gfp) were used as a negative control. n R 200 for each
genotype.
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a regulative process mediated by components of the
insulin/IGF-like signaling pathway. The pathway con-
trolling germline quiescence during L1 diapause over-
laps with, but is distinct from, those involved in longevity
and dauer formation, because we did not observe a re-
quirement of daf-16 for arresting germline growth during
L1 diapause. Whether daf-2 regulates initiation of post-
embryonic germline growth by directly activating devel-
opmental programs, or simply by promoting feeding,
remains to be investigated. In contrast to the germline,
we have not observed somatic cell divisions when newly
hatched daf-18 and daf-16 mutants are starved in M9
buffer. However, we recently found that during L1 dia-
pause in the presence of a carbon source, DAF-18, as
well as DAF-16, also acts to restrict developmental
events, including cell division, in somatic tissue, as
will be described elsewhere (M.F. and A.E.R., unpub-
lished data). Further identification and characterization
of genes required for maintenance of L1 diapause and
initiation of larval development should provide addi-
tional insights into the relationship between the nutri-
ent-derived signaling pathway and developmental
programs.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures
and are available with this article online at: http://www.current-
biology.com/cgi/content/full/16/8/773/DC1/.
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